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Los Alamos Opacity Verification and Validation Workshop 2005

The purpose of this workshop is to bring together theorists and experimentalists in the
area of plasma opacity and its applications to try to determine to what extent we can
verify and validate our opacity calculations. Simply put, by validation we mean, “Are we
solving the right equations?”” and by verification “Are we solving them correctly?”.

More specifically, to verify an opacity calculation, we want to make sure that the
equations that represent the particular opacity theory we have chosen have been
implemented on the computer in such a way as to produce the exact solution of those
equations to the desired numerical accuracy. Impediments to this goal can include
interpolation errors, insufficiently converged atomic Hartree-Fock wave functions and
similar numerical problems.

To validate calculated opacity values we want to determine if our theoretical model is
sufficient to give results that agree, again with a desired accuracy, with the actual real-
world value for the opacity. This is hampered by the fact that most of the density and
temperature points for which we calculate opacities are not easily accessible in the
laboratory.

Additionally, the term opacity here can refer not only to frequency averaged quantities
such as the Rosseland and Planck means, but also to frequency dependent spectra. This
would appear to be a daunting task but we are not without hope or means!

To address the verification problem we can take similar calculations performed by
different groups and compare them at opacity code comparison workshops. These
comparisons have many times pointed out errors in calculations that were not apparent at
first. At the upcoming WorkOp at Lawrence Livermore National Lab we will continue
these comparisons.

Validating the results of these calculations is the primary subject of the current Workshop
here at Los Alamos. We will hear from those who perform laboratory opacity
measurements; those who use opacity data to accurately explain stellar structures and
behavior; those who use opacity data to model thermonuclear devices; and those who
calculate the opacities. From these talks we hope to begin to construct a road map to
quantify computed opacity uncertainties.

David P. Kilcrease

Atomic and Optical Theory

Los Alamos National Laboratory
Los Alamos, New Mexico



Los Alamos
Opacity Validation and Verification
Workshop
May 3-5, 2005

Los Alamos National Laboratory

Tuesday, May 3:
(8:00-8:30)  Continental Breakfast

(8:30-8:45)  Welcome by James Peery and Mark Chadwick

Introduction and Purpose of the Workshop (D. Kilcrease)
(8:45-9:30)  Plasma Opacities and High Precision Atomic Physics (A. Pradhan)
(9:30-10:15) Opacity Development at Los Alamos (N. Magee)

(10:15-10:30) BREAK

(10:30-11:15) Neglected Opacity Issues (W. Huebner)
(11:15-12:00) Opacities in Astrophysics (A. Cox)

(12:00-2:00) LUNCH Catered
Briefing for Classified Session

(2:00-3:00)  Exploring Warm Dense Matter with QMD (S. Mazevet)

(3:00-3:15) BREAK

(3:15-3:45)  Improvements to the Finite Temperature AA Model (J. Colgan)
(3:45-4:15) ATOMIC Opacity Calculations using CHEMEOS (P. Hakel)
(4:15-4:45)  Visualization Tools for Opacity Analysis (L. Welser)

Tuesday Evening Catered Banquet 6:30 pm Central Avenue Grill

Wednesday Morning, May 4:
(8:00-8:45)  Continental Breakfast

(8:45-9:30) AWE Current and Future Opacity Experiments (D. Hoarty)
(9:30-10:15) Opacity Experiments at Omega and Trident (T. Tierney)
(10:15-10:30) BREAK
(10:30-11:15) Overview of LLNL Opacity Efforts (B. Heeter)
(11:15-12:00) Application of Stark Broadened Line Shapes in the Analysis

of Line Absorption Spectra (R. Mancini)

(12:00-1:30) LUNCH Catered



Wednesday Afternoon:

(1:30-1:45)  Introduction (D. Kilcrease)
(1:45-2:15)  Review of Recent LLNL Opacity/EOS Workshop (U) (S. Libby)
(2:15-3:00)  Opacity Theory at AWE (U) (J. Harris)

(3:00-3:15) BREAK

(3:15-4:00)  Overview of LLNL Opacity Modeling (U) (B. Wilson)
(4:00-4:30) QMD Simulation of Heavy Elements (U) (L. Collins)

Thursday, May 5:
(8:00-8:30)  Continental Breakfast

(8:30-9:30)  Opacity Experiments at LLNL (U) (B. Heeter)
(9:30-10:15) Opacity Experiments at Z (U) (J. Bailey)

(10:15-10:30) BREAK

(10:30-11:15) Historical Overview of Opacity Experiments at AWE (U) (C. Smith)
(11:15-12:00) Concept Development for Foam Blast Wave Opacity
Experiments on Z (U) (B. Peterson)

(12:00-1:30) LUNCH Not Catered

(1:30-2:15)  Design of a Continuum Lowering Experiment (U) (J. Benage)
(2:15-3:00) LLNL — LANL Opacity Comparisons (U) (B. Wilson)

(3:00-3:15) BREAK
(3:15-4:00)  Discussion and Summary (D. Kilcrease)

Sessions marked in green (Tuesday and Wednesday morning) are open and
unclassified. Sessions marked in red (Wednesday afternoon and Thursday) are
closed and classified. There will be a complimentary continental breakfast and
refreshments each day.

The Tuesday through Wednesday morning session will be located in room 203A
of The Los Alamos Research Park, 4200 W Jemez Road directly across from the
main LANL Administration Building. The classified Wednesday afternoon and
Thursday session will be located in the Al McKnight Conference Room (aka “The
Forum”) in Building 1498.

For more information contact David Kilcrease at dpk@lanl.gov
and check our web page at www.t4.lanl.gov .
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LASTNAME FIRSTNAME ORGANIZATION TELEPHONE EMAIL
Abdallah Joseph Los Alamos National Laboratory 505-662-5855 abd@lanl.gov
Bailey James SNL 505-845-7203 jebaile@sandia.gov
Batha Steven Los Alamos National Laboratory 505-665-5898 sbatha@lanl.gov
Chisolm Eric Los Alamos National Laboratory 505-665-5020 echisolm@lanl.gov
Chrien Robert Los Alamos National Laboratory 505-667-1674 bchrien@lanl.gov
Cohen James Los Alamos National Laboratory 505-667-5982 cohen@lanl.gov
Colgan James Los Alamos National Laboratory 505-665-0291 jcolgan@lanl.gov
Cox Arthur Los Alamos National Laboratory 505-667-7380 anc@lanl.gov
Csanak George Los Alamos National Laboratory 505-667-4836 gc@t4..lanl.gov
Delamater Normon Los Alamos National Laboratory 505-667-7946 ndd@lanl.gov
Fincke James Los Alamos National Laboratory 505-667-5730 jfincke@lanl.gov
Fitzpatrick Joseph Los Alamos National Laboratory 505-665-6616 josephf@lanl.gov
Fontes Christopher Los Alamos National Laboratory 505-665-7676 cif@lanl.gov
Gales Steven AWE 44-118-982-6859 Steven.gales@awe.com
Goldman Sanford Los Alamos National Laboratory 505-665-7873 srgo@lanl.gov
Grondalski John Los Alamos National Laboratory 505-664-0771 jcat@lanl.gov
Gunderson Mark Los Alamos National Laboratory 505-665-4495 magx@lanl.gov
Hakel Peter Los Alamos National Laboratory 505-667-9555 hakel@lanl.gov
Hammerberg James Los Alamos National Laboratory 505-667-0687 jeh@lanl.gov
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Haynes Donald Los Alamos National Laboratory 505-665-7783 dhaynes@lanl.gov
Heeter Robert LLNL 925-423-3761 heeter1@lInl.gov
Hoarty David AWE 44-118-982-7536 david.hoarty@awe.co.uk
Hoffman Nelson Los Alamos National Laboratory 505-667-8417 nmh@lanl.gov
Holmes Richard Los Alamos National Laboratory 505-667-3598 holmes@lanl.gov
Huebner Walter Southwest Research Institute 210-522-2730 Whuebner@swri.edu
Hueckstaedt Robert Los Alamos National Laboratory 505-665-0083 rmhx@lanl.gov
Iglesias Carlos LLNL 925-422-7252 iglesias1@lInl.gov
James Steven AWE 44-118-982-6859 steven.james@awe.co.uk
Keady John Los Alamos National Laboratory 505-667-8764 jjk@lanl.gov
Keiter Paul Los Alamos National Laboratory 505-665-8566 pkeiter@lanl.gov
Kilcrease David Los Alamos National Laboratory 505-665-7726 dpk@lanl.gov
Kowalski Piotr Los Alamos National Laboratory 505-667-3747 kowalski@lanl.gov
Kyrala George Los Alamos National Laboratory 505-667-7649 kyrala@lanl.gov
LaGattuta Ken Los Alamos National Laboratory 505-667-2933 jkl@lanl.gov
Libby Steve LLNL 925-422-9785 libby1@linl.gov
Little Robert Los Alamos National Laboratory 505-665-3487 rcl@lanl.gov
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Powers William Los Alamos National Laboratory 505-665-3614 wijp@lanl.gov
Pradhan Anil Ohio State University 614-292-5850 pradhan1@osu.edu
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Shurter Roger Los Alamos National Laboratory 505-667-4408 shurter@lanl.gov
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Taccetti Jose Los Alamos National Laboratory 505-667-3555 taccetti@lanl.gov
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Timmes Francis Los Alamos National Laboratory 505-665-1468 timmes@lanl.gov
Upcraft Lee AWE 44-118-982-7891 lee.upcraft@awe.co.uk
Watt Robert Los Alamos National Laboratory 505-665-2310 watt_r@lanl.gov
Welser Leslie Los Alamos National Laboratory 505-665-9953 Iwelser@lanl.gov
Wilson Brian LLNL 925-423-4636 wilson9@lInl.gov
Workman Jonathan Los Alamos National Laboratory 505-665-1784 workman@lanl.gov
Zhang Honglin Los Alamos National Laboratory 505-665-3676 zhang@lanl.gov




Plasma Opacities
And
High Precision Atomic Physics

LANL — EOS/Opacity V & V Workshop

Anil Pradhan
The Ohio State University



The Opacity Project Team: M. J. Seaton (UCL), et.al.
: D. Mihalas (LANL), et.al.

The OSU Team
(www.astronomy.ohio-state.edu/~pradhan)

Sultana Nahar — Senior Research Scientist
Graduate Students

Guo-Xin Chen — (Ex) PDF (Harvard - ITAMP)
Franck Delahaye (Opacities)

Justin Oelgoetz (Also LANL)

Maximiliano Montenegro

Brian Larkins

Rajni Tyagi

Honorary Permanent Members

Hong Lin Zhang — (LANL)

Werner Eissner — (Stuttgart)



Outline: Validity and Verification of EOS/Opacities

“Academic” Perspective:

-> Accuracy AND Completeness
Astrophysical opacities (OP and OPAL)

-> Current Problems: Radiative Accelerations

New Solar abundances

High Precision Atomic Physics

-> Theory and Experiment

Monochromatic X-ray opacities
Nanoscience and Nanotechnology

- Biomedicine and Materials Research
Plasma Fusion: ICF and Magnetic



V &V — Academic Issues: Are we there yet?

State-of-the-art atomic theory
Continuous code development

Study individual atomic processes in detail
and compare with latest experiments (radiative
transitions, photoionization, recombination,
electron impact excitation)

Large-scale calculations for laboratory and
astrophysical opacities and spectral models

- The Opacity Project
- The Iron Project (Fe-peak elements)



Primary Atomic Processes in Plasmas

Electron Impact Excitation

EIE -
e+ X" >e + X,
A
P& Autoionization

X( n—1)+%*
Resonance £{p Dielectronic Recombination
ol )X(n_1)+ + 2V Photoionization
RR —>»

Radiative Recombination

The Coupled-Channel R-matrix method provides a self-consistent and
unified treatment of all processes with one single wavefunction expansion



Relativistic and Non-Relativistic R-matrix Codes For Atomic Processes
(Ohio Supercomputer Center)

THE R—-MATRIX CODES AT OSU
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ASTROPHYSICAL AND PLASMA SPECTRAL MODELS AND OPACITIES

The Opacity Project: Two independent sets of opacity codes for V&V
(i) M.J. Seaton, & Co., (ii) Yu, Mihalas, & Pradhan
Only (i) employed for final OP tabulations



The Opacity Project: 1983-2005

Inception: 1983 - Group of > 30 researchers, 5 countries
UK, US, France, Germany, Venezuela

Cr, Mn, Ni — Extrapolation + Kurucz

First complete results 1994 - OP1

(Seaton, Yu, Mihalas, Pradhan, MNRAS, 266, 805, 1994)
OP1 results for stellar envelope opacities;

did not include

- inner-shell processes

—> stellar interior EOS for p > 0.01 g/cc

New OP work includes both

On-line calculations for arbitrary composition

-> http://www.osc.edu/hpc/opacities

CD-ROM from Anil Pradhan or Claude Zeippen




Astrophysical Opacities:
The Opacity Project (OP) and LLNL (OPAL)

 The OP work used a combination of
R-matrix and atomic structure calculations
for bound-bound and bound-free

* Mihalas-Hummer-Dappen (MHD) EOS

 New OP work uses “extended” MHD-EOS
-> High-density uncertainties
- Perturbed atom approximation

» Atomic data for inner-shell processes
- K-, L-, shell opacity



Astrophysical Opacities — Validation and Verification

New OP and OPAL agree in the MEAN
opacities at the 5-10% level

But radiative accelerations disagree by
factors of 2-5 !

- Monochromatic opacity resolution
-> Atomic physics accuracy

V&YV using Solar models similar in EOS,
composition, central temperature,
density, base of convection zone - very
small differences



OP vs. OPAL - % Differences in Rosseland Mean Opacities
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The Opacity Project (OP) and the OPAL Rosseland Mean Opacities
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RADIATIVE ACCELERATION

Given BB radiative flux F(r) at depth r in
a star with T.f; and radius R, , the radiative
acccleration of clement k is

L N

Fraalr) = { )(E)f%R’TkF(?’): (1)

c

where xg is the Rosseland mean opacity at
temperature T and density p at r, and ;. is a
dimensionless quantity representing the ratio
of the momentum-tranfer {mta) cross section

to the total opacity cross section per atom

_ o) f.
’Yk _'/ oy(tot) fl»‘dy! (“)

where
_ (dBw',dT) o
fo= (dB/dT) " )

Y. is a measure of the specific opacity of element Kk relative to the total opacity,

therefore much more sensitive to resolution and accuracy of atomic data
than the Rosseland mean.



OP vs. OPAL - % Differences in g ., for the Sun
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OP vs. OPAL =~ % Differences in Radiative Accelerations
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New Solar Abundances (And Problems!)

« Latest determination of solar abundances
(Asplund et.al. 2005) — measurements and 3D
hydro NLTE models - yield

- 30- 40% lower abundances of C,N,O,Ne,Ar

 However, this disagrees with Helioseismology
data (sound speed, BC/Z, etc.), and

- would require the OP and OPAL opacities
to be lower by about 10%; EOS has little
effect (Bahcall et.al. 2004)



Causes: Resolution

- Radiative acceleration g,,;, or vy are

more sensitive to resolution than the
Rosseland mean opacities (RMO)

* Both OP and OPAL RMOs converge to 2%
with 10* points, ¥ could differ by several

factors depending on element and physical
conditions

* OP data uses an adjustable mesh with better
resolution



Causes: Accuracy of Atomic Physics

* Only a relatively small subset of OP atomic
data is from the R-matrix calculations

 Both OP and OPAL data may not differ much
in absolute accuracy

* New Calculations — Iron Project and Beyond

 Compare Close-Coupling R-matrix and other
methods

* Verify results for fundamental atomic
parameters for primary processes

* High precision atomic physics



Coupled Channel R-Matrix Theory vs. Distorted Wave

Coupled Channel Theory Distorted Wave Theory

The wavefunction expansion, ¥(F), for a to- Central Field Approximation

tal spin and angular symmetry SLxz or Jr, of o ]
the (N+1) electron system is represented in * Includes only initial and final

terms of the target ion states as: channels in Eq. (1); no summation
* Neglects channel coupling
U(E)= A3 x:b; + X ¢;D;, (1) * Resonance states (intermediate

z 3 . .
where y; is the target ion wave function in a channels) NOT mCIUd?d In
specific state S;L;r; or level Jim;, and §; is the wavefunction expansion
wave function for the (N+1)th electron in a - Resonances may be considered
channel labeled as $;L;(J;)m; k?4:(SLx) [Jxl; k? indirectly in the Isolated
is the incident kinetic energy. In the second Resonance Approximation

sum the ®,’s are correlation wavefunctions of
the (N+41) electron system.

* Ab initio treatment of important atomic
processes with the same expansion: Eq.(1)

* Electron impact excitation, radiative transitions,
and a self-consistent and unified treatment of

photoionization and (e + ion) recombination,

including radiative and dielectronic (RR+DR)

(Nahar, Zhang, Pradhan)

All significant effects may be included

* Infinite series of resonances are considered

* Finite number of resonances
with n-extrapolation



Accuracy AND Completeness:
New Opacities Calculations

Aim for high precision first, then completeness

Benchmark state-of-the-art theoretical
calculations with experiments for

Photoionization - Accelerator based
Advanced Light Sources (Reno/Berkeley,
Aarhus, Paris)

Recombination - Heavy ion storage rings
(Heidelberg, Stockholm)

Electron-lon Scattering - Electron Beam lon
Traps (Livermore, NIST)



Photoionization of O il
Comparison of R-Matrix Theory (Nahar 2003)
and Experiment (Bijeau etal 2003)
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Unified (e+ion) Recombination
Rate Coefficient (RR+DR

Total Recombination Rate Coefficients: e + O IV = O III
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Unified (e+ion) recombination:
R-Matrix Theory and Experiments

Gaussnan Averaged X-sections Maxwellian Averaged Rate
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Monochromatic Opacities

» Experimental verification of
- Cross sections and transition rates

- Monochromatic opacity/transmission
spectra of elements

 Astrophysical verification with observed
spectra



Code XRAD — Theoretical X-ray Absorption Spectrum
The Opacity Project and The Iron Project Data

(Pradhan 2004)

XRAD — Absorption Spectrum (Solar Mix, LTE, Power Law) XRAD — Monochromatic Absorption Spectrum (Solar, LTE, Power Law)
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Mono X-ray Opacities: Modeling The Spectrum of AGN MCG-6-30-15
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NANOSFEC | ROSCOPRY

Computational Nanoscience at
Fundamental Atomic and Molecular Scales

(OSU)

Nanobiomedicine and Nanomaterials

Broadband (indiscrimate!) imaging yields
pictures, but not detailed nanoscopic
information

Spectroscopy is the most powerful tool

“A spectrum is worth a thousand pictures”
Paradigm shift from imaging to spectroscopy,
such as occurred in astronomy

Spectroscopy should be far more efficient
with reduced radiation exposure by targeting
spectral features in atoms and molecules



Resonance Peaks in X-Ray Photoabsorption

529 eV L

By Oxygen
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Resonance in neutral O
at 0.529keV; X-ray
absorption cross

section is higher by

factor of up to 100
than at other energies

AVOID X-RAYS AT
529 eV 2 ~100
TIMES MORE
DAMAGE TO
HUMAN BODY !!

Pradhan, Nahar, Delahaye, Chen, Oelgoetz (2003)



Spectral ‘Windows’ in X-ray opacities
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Fig. 1. The
enhancement in X-ray
photo-absorption in
iron due to low energy
resonance complexes.
Compared to the non-
resonant background,
the attenuation
coefficients may be up
to several orders of
magnitude higher,
particularly in specific
'spectral windows'
such as the one at 1
KeV due to L-shell
excitations. Heavier
elements will have
such features at much
higher energies.

Lighter ‘biogenic’ elements (H,C,N,O) have far lower absorption coefficient

at high energies; beyond the K-edge, cross section ~ E-3.

X-rays are absorbed by iron and heavier elements with orders of magnitude

higher efficiency at energies of resonance-arrays.



Experiment: X-Ray Fluorescent Emission
“Spectral Windows” From Copper

80
60 |-
40 |
20 |

Preliminary results from
collaborators using the
Pelletron: Heavy ion
Accelerator at the Tata
Institute For Fundamental
Research, Mumbai, India
(A. Kumar & L. Tribedi,
private communication)
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Conclusion

Definitive opacities with state-of-the-art
atomic physics have not yet been
computed (EOS ?)

Calculations are needed for heavy
elements, Iron and beyond, including
relativisitic effects using Breit-Pauli or
Dirac R-matrix codes

Collaboration with LANL, LLNL might be
desirable to compare detailed opacities

Nanotechnology, fusion, and other
applications next generation of AM codes



New Computational Technology For Atomic

and Molecular Physics
* TENSOR CoNTRACTION ENGINE (TCE) for automatic
formula derivations and parallel implementation of
any given model of wave function theory.
— Expediency
— Optimization & Parallelization

— Maintainability & portability

“It doesn't feel pity, or remorse, or fear.”
The Terminator

(And has no sense of humor)




Opacity Calculations at Los Alamos
or

Dark Doings on the Mesa

Norman H. Magee

Los Alamos National Laboratory
Los Alamos, NM 87545

Opacity calculations have been done at Los Alamos for more than
40 years. This has involved many people and a long series of opacity
codes. During this period, there have been many inovations and changes
as developers strove to take advantage of new physics models and
improved computational facilities. One of the most important lessons
learned during this evolution was the need for constant evaluation and
comparison of results, especially as new models were included or as
calculations were pushed into new physical regimes. Los Alamos has
always tried to maintain two or more "independent" opacity codes to
monitor all code changes, and while this is a necessary procedure, it
is not sufficient to ensure the best opacity calculations. This can
only be done by comparisons with experiment and with truly independent
codes from other laboratories or groups. In the late 1980's, these
both became realities with the start of the Opacity Workshops and the
first quality transmission experiments at AWE. All current opacity
codes have benefited from both of these developments, but the benefits
have been limited because of the relativly small number of elements,
temperatures and densities that have actually been compared or measured.
While workshop cases are chosen to test critical regions, one or two
test points can not predict error bars for the full temperature-density
ranges covered by modern opacity tables. The next step forward for
verification and validation will have to involve much more extensive
comparisons among all of the major opacity codes, and include EOS
as well as opacities.

This work has been preformed under the auspices of the U.S. DOE.



Atomic Physics, Opacity, Non-LTE and Spectra
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TRANSMISSION

ALUMINUM X-RAY TRANSMISSION
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Continuous Mul ti group Opacity (group wi dth=kT/3) for FeN
Z2=26 Rho = 8.0E+00 g/cc kT = 600. eV

The Rosseland Mean of the Continuous Multigroup Opacity is identical,

by construction, to the Rosseland Mean of the submitted total opacity.

*** N.B. The Planck Mean and peak heights are NOT preserved. ***
Compare valleys and smooth portions. Disregard absolute peak heights,
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Los Alamos Opacity Codes
LEO HEO VASP RMOP LINES

l FINE
EXOP
M(TOP
LEDCOP l
\ \AT?MIC




FINE

Spectral modeling code

Direct access to atomic
physics data (CATS,
RATS, GIPPER, ACE)

Bound-bound & bound-
free cross sections

LTE & non-LTE
Low & high Z

LEDCOP

Free-free

Scattering
Stark broadening
Conductive opacity

Line shapes

The Making of ATOMIC

new

F90

Parallelization
EOS

Line-edge merging

Histograms
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Average Ionization per Atom

Oxygen Average Ionization from ATOMIC Code
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QMD for Opacities
Comparison to LEDCOP

Hydrogen
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Typical Output Quantities for Comparisons

EOS

Zbar

Electron Density

lon Density

Mass Density

Pressure (kinetic, plasma, etc. terms)
Energy (kinetic, plasma, etc. terms)
Plasma Frequency Cutoff

lon & Configuration Abundances

OPACITY

Continuous & Total Rosseland Opacity
Continuous & Total Planck Opacity
Conductive Opacity

Energy Dependent Opacities

...Total Absorption

...FF Absorption

...BF Absorption

...BB Absorption

...Scattering

Spectral Idenification



Oxygen Spectra Plot from ATOMIC Code
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parison of ATOMIC to LEDCOP for Oxygen

Cpm

0

T T [T T

©

i

B

i

‘wag/guao) L£11oedQ , (1e/18) Jeqyz , (99/wud) Ayisua(

©

i

1

L

o O O

o O O

o o P

o ¢ O

O ¢ ¢

(), Q @

10

Temperature (eV)



Line — ATOMIC
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Oxygen Spectra from ATOMIC and LEDCOP
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Neglected Opacity Issues

W. F. Huebner
Southwest Research Institute
P. O. Drawer 28510
San Antonio, TX 78228-0510

Los Alamos, 3-5 May, 2005



Neglected Opacity Issues

Conservation and Continuity of Oscillator Strengths
Completeness of Species Considered

Uncertainties in Models, Methods, and Calculations
Completeness of Processes Considered

Justification for the Assumptions of LTE

Special Cases

Designing Opacities to Meet Requirements

Laboratory Experiments

Benchmark Calculations

Los Alamos, 3-5 May, 2005



Oscillator Strengths

Conservation of Oscillator Strength:
The Thomas-Reiche-Kuhn sum rule should be used to check

one-electron sequences (X f,, = 1)
and Z-electron atoms (X /.. = 2).

Continuity of Oscillator Strength:
In a one-electron sequence the sum rule 1s continuous from

bound-bound to bound-free absorption. See Fano and Cooper
Rev. Mod. Phys. 44, 441 (1968).

Los Alamos, 3-5 May, 2005



Completeness of Species
Considered

» Test For the Formation of Molecules:

While it may not be of interest to calculate molecular contributions
to opacity at low temperatures, tests should be included to warn the
user that the opacity lacks molecular contributions, and list the
molecules that may form from the mixture of elements considered.

Los Alamos, 3-5 May, 2005



Completeness of Species
Considered (continued)

e Minimization of the Gibbs free energy of formation for species
of chemical elements and compounds 1n their gas and condensed
phases 1s general, elegant, powerful, and guarantees conservation
of matter. This method automatically includes reactions of dis-
proportionation and reactions involving condensed phases.

+s+1 m

where p represents a gas phase, q the number of condensed phase
solutions, s the number of pure condensed phases, m, the number
of species in each phase, n,; the number of moles ot species 1 in
phase p, and a; the activity of species 1 in phase p.

Los Alamos, 3-5 May, 2005



Completeness of Species
Considered (continued)

« Heavy Element Impurities:
It 1s absolutely essential that impurities be included in

the calculation of mixtures. This 1s particularly true if
the impurities are from elements with a higher Z.

Los Alamos, 3-5 May, 2005



Uncertainties 1n Opacities

* Uncertainties in Models, Methods, and Calculations:

Arise from the need to know atomic and molecular structure,
stages of 10nization and dissociation, level populations, spectral
line shapes, and plasma interactions.

« Sources of Uncertainties:

1. Physical process

2. Chemical (elemental) abundances
3. Mathematical procedures.

Los Alamos, 3-5 May, 2005



Physical Process

Sources include approximations in the model of the atom or
molecule used to describe the absorption and scattering processes:
Configuration interaction

Line broadening

Line shapes and line wings

Pressure balance

Collective effects

Charge conservation

Element conservation in phase transitions

Los Alamos, 3-5 May, 2005



Chemical Abundances

The usual approximation 1s the abbreviation of the elemental,
molecular, and 1onic composition of a medium to its “most
important” constituents.

Some very underabundant species may have a line or band
spectrum 1n an important region where the extinction coefficients

of the most abundant species are very small.

Spectra of major and minor species should always be inspected.

Los Alamos, 3-5 May, 2005



Mathematical Procedures

Primarily iterative convergence procedure, fits to tabular data,
limits imposed by electronic computers (e.g., accidentally
cancellation of two nearly equal numbers).

Los Alamos, 3-5 May, 2005



Completeness of Processes
Considered

Contribution of Plasmons to Opacity (Keady et al., 1990):
Plasmon = quantum of charge-density oscillation 1n a plasma.
When an x-ray interacts with an electron in a plasma, the recoil energy
of the electron may remove it from the collective modes of the plasma,
generating density fluctuations and creating plasmons. This influences
Compton scattering. From energy conservation

hv +ymc*=hv’ + hv,+y’'mc*,  y=[1-(v/ic)*]"2.
v = 1ncident photon, v = 1nitial velocity of electron, m = electron mass,
v, = plasma frequency. The plasmon energy is the binding energy of
the electron to the plasma.

Los Alamos, 3-5 May, 2005



Plasmons (continued)

From momentum conservation
(hv/c) + ymv cost = (hv’/c) cos® + y’'mv’ cosO’
ymv sinf) = -(hv’/c) sin®@ + y’mv’ sinf’
Angles are relative to the incident photon. 6, 0° = 1nitial and final
direction of electron, @ = direction of photon. The plasmon 1s heavy
compared to electron. Momentum transfer to plasma 1s negligible.
(hv,)? - 2yhv,me? - 2hvhy, + 2yhvme? - 2yhvmev coso

2hv - 2ymcev cos(0 + O) - 2hv cos O - 2hv, + 2ymc?
The differential cross section for excitation 1s
dop/dw = (e*/mc?)? [1 —(1/2) sin* @] S(k) , S(k) = hk?/(8z*mv,)
hk/(27r) = momentum transfer of photon to electron.

Los Alamos, 3-5 May, 2005



Plasmons (continued)

Substituting /v and integrating gives for v >> v, the total plasma
Interaction Cross section

op = (87/3) (e?/mc?)? (hv)*/(2mc*hv,) .

op = (2m/3) a® a? (hv)*/(hv,) , in Rydberg units.
For keV x-rays and typical plasma conditions, this cross section 1s
same order magnitude as the Compton cross section.

Plasmon effects can be important at high densities, where,however,
free-free absorption may dominate over scattering.

The cross sections must be multiplied by the form factors F; . and
F_ ., for incoherent and coherent scattering, respectively.

Los Alamos, 3-5 May, 2005

coh



Special Cases

e Failure to Attain LTE:
For heavier elements, LTE conditions may not be attainable at

high temperatures and low densities because radiative deexcitation
may be faster than collisional excitation.

Los Alamos, 3-5 May, 2005



Special Cases (continued)

e Opacity Trenches:

Partially filled shells bring about many electron configurations and
many different ways for electrons to couple. The result is a plethora
of overlapping spectral lines. For some elements temperature-density
regions exist in which the 1on structure is dominated by closed shells.
There, the number of possible electron configurations and couplings
are severely limited when compared to neighboring regions with
more than one electron (or electron hole) relative to the closed shells.
As a result the line spectrum 1s sparse and the opacity 1s drastically
reduced. The temperature-density regions where this opacity
reduction occurs 1s very narrow, 1.€., like a trench.

Los Alamos, 3-5 May, 2005



Special Cases (continued)

Opacity Trenches:
‘AG“\J/
\ 09
o
trench o
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p p

Los Alamos, 3-5 May, 2005



Designing Opacities to Meet
Requirements

Designing materials to meet opacity requirements:

For example:

High opacity from low-Z elements.

Opacities that block a photon energy range over a certain 7T - p range.

Los Alamos, 3-5 May, 2005



Laboratory Experiments

Validation of opacity codes and verification of opacity calculations
are very important. One has to keep 1n mind that opacity calculations
are complex, but individual processes can be checked independently.
Laboratory experiments are complex, but individual processes cannot
be checked independently.

Difficulties with laboratory experiments include:

1. Attainment of LTE 2. T and p determination
3. T and p gradients 4. Edge effects
5. Back lighting 6. Plasma impurities

Laboratory experiments can provide supporting evidence for opacity
calculations.

Los Alamos, 3-5 May, 2005



Benchmark Calculations

Opacity calculations are based on many processes. Most of these
processes are calculated using different models, different wave
functions, disjointed processes (e.g., line wings vs. underlying
continuum, absorption vs. scattering, etc.). Sometimes not even
The elemental composition 1s consistent across phase transitions
(e.g., with rising temperature from a dusty atmosphere — molecular
gas — atomic gas — plasma).

A detailed benchmark calculation for a pure plasma should be
carried out (perhaps 1n conjunction with an opacity experiment).

Los Alamos, 3-5 May, 2005



Opacities in Astrophysics

Arthur N. Cox

Los Alamos Astrophysics
Group T-6
Los Alamos National Laboratory

Alamos Los Alamos Astrophysics
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Needs for Matter Opacities

= 1. Star Formation

= 2. Stellar Structure
= 3. Stellar Evolution
= 4, Stellar Pulsations

= 5. Stellar Explosions

- Los Alamos Los Alamos Astrophysics
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The World's Greatest Science Protecting America l YA I at7)
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OP Form for Calculating Stellar
Opacities

Abundance Fractions

Hydrogen Abundance (X){0.70

Metal Abundance (Z) IU.UZ

Metal Fractional Composition (default = solar)

Mote: metal abudancies are re-normalised to the value of Z which has been set--- it is necessary to specify only the relative abundance
for each metal.

C (Z=6) IU.2460 N {Z=T) IU.UB4? 0 {Z=8) IU.SMU

Ne (Z=10) |0.0815 Na (Z=11) |0.00148 Mg (Z=12) |0.02636
Al (Z=13) |0.00205 Si(Z=14) |0.0246 5{Z=16) |0.01125
Ar(Z=18) |0.0023 Ca (Z=20) |10.00159 Cr{Z=24) |0.000324
Mn (Z=25) |0.00017 Fe (Z=26) |0.02244 Ni (Z=28) (0.00123
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OPAL MIXTURE COMPOSITION
type 2 number fractions
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Los Alamos TOPS Specification
either number or weight fraction

Mix specification

Fraction by @ Number or © Mass.
Input format is @ Fraction, Element or © Fraction, Element, Isotopic weight.

In specifying a mix, the fraction represents relative numbers of atoms if the number fraction box 1s checked. If the mass fraction
box 15 checked, the fraction represents relative masses of the specified elements. The fractions need not be normalized.

The element specification can be the atomic number, the chemical symbol (case isensitive) or the OPLIE matid. Thus
aluminum can be specified as Al, al, 13, 113718 or n13718 (for the new denser photon energy grids).

If the "Fraction, Element, Isotope” box 1s checked, a specfic 1sotopic weight must be entered for each element of the muxture.
If this box 15 not checked, no 1sotopic weight should be entered, the Web Page will use the normal values.

User specified mixture. Up to 450 characters may be used for the mixture specification. User can choose to supply a name for
the mixture, up to 15 characters.
1.al

Optional Mixture Name: (User supplied, maximum of 15 characters)
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Effects of Spectral Lines on
Los Alamos Opacities, Cox, 1965

m
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CONTINUOUS AND LINE RADIATIVE OPACITIES
VS TEMPERATURE AND DENSITY
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Cox and Tabor Astrophysical Journal
Supplement 1976, ApJdS,31, 271

Abstract

Radiative opacities for 40 mixtures of hydrogen, helium, and heavier
elements are presented which represent the best large set of
homogeneous data available for stellar structures. Smaller special tables
of opacities are also calculated for specific applications in studies of
stellar structure, evolution, and pulsation. Improvements in the
computational methods include an increased iron abundance in the heavy-
element composition, a better allowance for the ion continuum

depression, and corrections in several bound-electron energy levels. It is
noted that some of the opacities are not realistic because of zero
hydrogen abundances or a lack of any possible molecules.
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Updated OPAL Opacities
Iglesias, C.A. and Rogers. F.J.,1996, ApJ, 464, 943

Abstract
/

The reexamination of astrophysical opacities has eliminated gross discrepancies between a variety of
observations and theoretical calculations; thus allowing for more detailed tests of stellar models. A
number of such studies indicate that model results are sensitive to modest changes in the opacity. Conse-
quently, it is desirable to update available opacity databases with recent improvements in physics, refine-
ments of element abundance, and other such factors affecting the results.

Updated OPAL Rosseland megaPopacities are presented. The new results have incorporaied improve-
ments in the physics and nyeftrical procedures as well as corrections. The main opgefly changes are
increases of as much as 20% for Population I stars due to the explicit inclusion of 19 metals (compared
to 12 metals in the earlier calculations) with the other modifications introducing opacity changes smaller
than 10%. In addition, the temperature and density range covered by the updated opacity tables has
been extended. As before, the tables allow accurate interpolation in density and temperature as well as
hydrogen, helium, carbon, oxygen, and metal mass fractions. Although a specific metal composition is
emphasized, opacity tables for different metal distributions can be made readily available. The updated
opacities are compared to other work.

Subject headings: atomic data — atomic processes — stars: interiors
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OPAL Solar Opacity Larger Than Old
Los Alamos Opacity

opaly28r/kingda Opadcty Ratio
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opaly28r Composition Cox-Tabor Z Composition

COMPOSITION OF Z FOR STANDARD MIXTURES

EIl Z A N X
H 1.0 1.00797E+00 9.07156E-01 7.00000E-01 Element Number Fraction Mass Fraction
He 2.04.00260E+00 9.13793E-02 2.80000E-01
C 6.0 1.20112E+01 2.84436E-04 2.61540E-03 G 0,194250 0.13077
N 7.0 1.40067E+01 8.01664E-05 8.59600E-04 N..... 0,054747 0.04298
O 8.01.59994E+01 6.36796E-04 7.79960E-03 B g 0434873 0.38998
Ne 10.0 2.01830E+01 3.58814E-04 5.54400E-03 No 0,245034 027720
Na 11.0 2.29898E+01 1.42048E-06 2.50000E-05 NE: it 0,000974 0,00125
Mg 12.0 2.43120E+01 1.79456E-05 3.34000E-04 ME...oii 0012256 001670
Al 13.0 2.69815E+01 1.19090E-06 2.46000E-05 .\ . 0,000810 0.00123
Si14.0 2.80860E+01 2.27711E-05 4.89600E-04 . PR RN 0015552 0,02448
Ar 18.0 3.99480E+01 2.38377E-05 7.29000E-04 Aoty 0,016280 003645
Fe 26.0 5.58470E+01 3.69376E-05 1.57920E-03 Pttt 0025224 007896
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Comparison of OPAL and OP Opacities
for a Solar Mixture
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Figure 1, Comparison of OPAL (dots) and OP (solid lines) Rosseland mean opacities at constant

values of log R for the element distnibution used by Seaton ef al. (1994) where X is the hvdrogen
mass fraction and Z is the metallicity,

- Los Alamos Los Alamos Astrophysics

NATIONAL LABORATORY
EST.1943

The World's Greatest Science Protecting America /I%AV'IA bv&%




The new OP opacities are only slightly larger than
the OPAL opacities just below the solar convection

Zone.

“I Badnell et al. 2004
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Helioseismic Tests of the New Los Alamos
LEDCOP Opacities, 2001,ApJ,561,450

Abstract

We compare the heliosesstnic properties of two solar models, one calibrated with PAL opacities and the other with the
recent Los Alamos LEDCOP (Light Element Detaled Configuration Opacitypﬁz. We show that, in the radiative interior
of the Sun, the small differences between the two sets of opactties (up to 6% near the base of the convectpn ead to
noticeable differences i the solar structure (up to 0.3% m sound speed), with the OPAL model bM losest to the
heliosetsmic data. More than half of the difference between the two opacity sets results#0om the mterpolation scheme and from
the relatively widely spaced temperature gnids used in the tables. The remaining 3% mtrinsic difference between the OPAL and
the LEDCOP opactties n the raciative interior of the Sun 15 well within the error bars on the opacity calculations resulting from
the uncertamnties on the physics. We conclude that both the OPAL and LEDCOP opactties produce solar models in close

agreement with heliosesstic inferences, but discrepancies still persist at the level of 0.6% between the calculated and inferred
sound speed in the radiative mtenor of the Sun.

Neuforge-Verheecke, C; Guzik, J.A.; Keady, J.J.; Magee,
N.H.; Bradley, P.A.; Noels, A.
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Opacity Differences OPAL-LEDCOP versus Solar
Model Radius Neuforge-Verheecke, C, et al.,2001

calibrated modsis
OCPAL Mool T, p. X; ~v-ovn

Relatve opacty difemnces (%) (OPAL - LEDCOP) /OPAL

-10 1 1 1 1 1 1
0.3 02 as 06

Fractional radius

. opacity differences between calibrated LEDCOP
and OPAL model (solid line). and relati ifferences between the
LEDCOP and OPAL opacities calculated Mfith the temperature, density,
and composition profile of the OPAL model (dotted line). as a function of
the fractional radius, The opacity differences that we obtain are very
similar in both cases, The first way to compare the OPAL and the
LEDCOP opacities, i.e. for the actual run of the physical quantities in the
differant calibrated models, allows us to link the sound speed differences to
the opacity differences. since, in each model, the sound speed is calculated
for the actual run of the physical quantities. The vertical lines indicate the
convection zone base location in the different models.
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B Cephei Model Opacity Temperature
Derivative versus Lagrange Mass Shell

Cox. Morgan, Rogers & Iglesias, ApJ, 1992
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Fi1G. 1.—The logarithmic derivative of the opacity with respect to tem-
perature vs. zone number is plotted, based on data from Table 1. The surface
mass depth for this irregular zoning is indicated at the top. The iron line peak
between zones 950 and 970 is in the pulsation driving region. The usual helium
ionization region, centered at ~ 40,000 K lies between zones 980 and 990.
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B Cephei Model Pulsational Driving
versus Lagrange Mass Shell
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F1G. 2—The work per zone to drive or damp pulsations is given versus
zone number. All the pulsation driving seen is done in the outer 2 x 107° of
the model mass between temperatures of 100,000 and 250,000 K. The surface
mass depth for this irregular zoning is indicated at the top.
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Double-Mode RR Lyrae Variable Period Ratios
versus Period using OPAL Opacities
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FiG. 1.—Both adiabatic and nonadiabatic period ratios are plotied vs. the
fundamental mode periods for the 27 m least squares line is plotted for
the 0.55, 0.65, and 0.75 M, no iabaty ses. The slopes for these lines are

— 00420, —0.0517, and —0O S da . and the period ratios at 0.5 day are
0.7400, 0.7438, and 0.747 he left box encloses the Qosterhofl type 1 cluster
varniablecs, whercas the larger box encloses the Oosterhofl type 11 cluster van-
ables.
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Opacity versus Radius for an RR Lyrae Variable
Model at the Evolution Mass
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F1G. 2.—Opacity in the two models at 0.65 M, is plotted vs. radius. The
reduced opacity model is represented by crosses ( x ).
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O Scuti and Cepheid Instability Strip Blue Edges
for Different Masses and Helium Abundance

Cox, King, & Tabor, ApJ, 1973
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Iron Abundance versus Mass Depth for 8 Effective

Surface Temperatures for sdB Stellar Models
Charplnet et aI ApJ 1997

log X(Fe}/N[H)

s s . : 2
Fira. 1.—Equilibrivm abundance of iron (salid cerve) as a mnc%e
fractional mass depth logg [— | (1 — M /M,)] for a series of 1 senta-

tive models of sdB stars with - LB M log e — 58, and log T g rom £ 3£
wwiaeZ2mstepsof00s Ine panel the of the solid curve on the right hand
side corresponds o the gfcavion of Rosseland photosphere. The dashed
bhorizontal line gives the normal v of the Fe/H number ratio. Also shown is
the profile of the Rosseland opacity (dorted curve): its logarithmic value can be
read on the right axis.
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Solar Model Observed minus Calculated
p-mode Oscillation Frequencies for High Degree

igh De
lo IHQ.‘I grilep_ulw”l
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Figure 3. O-C vs, calculated p-mode frequendes of degree £ = 100, 200,300, 400,600, and 1000 for
MHD EOS solar model described in Fig. 1. Lines connect modes of same degree £ and different radial
order n. Observations are from Libbrecht et al. (1990).
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Solar Model Observed minus Calculated p-mode

Oscillation Frequencies for 50% Opacity Increase
—Hih Degree p-Hodes
O

- Re/Re= 07082-07108, a = 212 -
MHD BOS OPAL/Alexander Opacities
" Yo=0279 Yo=0249 Zo=0.0205

| Opac x 1§ for T < 15000 K I
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Figure 6: O-C vs. calculated p-mode frequencies of degree £ = 100,200, 300,400,600, and 1000 for MHD
EOS model with 50% opacity increase for temperatures < 15,000 K. The opacity increase improves the
agreement with observation for these high-degree modes (compare with Fig. 3).
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Solar Model Observed minus Calculated
p-mode Oscillation Frequencies for 50%

Opacity Increase and Turbulent Pressure
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Figure 7. O-C vs. calculated p-mode frequendes of degree ¢ = 100,200,300, 400,600, and 1000 for
MHD EOS model with 50% opacity increase for temperatures < 15,000 K, and including frequency
corrections due to turbulent pressure as calculated by Guzik & Cox (1992). Turbulent pressure further
improves agreement with observation for these high-degree modes.
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Settling and Radiative Levitation of Solar
Elements Using OPAL Monochromatic Data

Turcotte, Richer, Michaud, Igelesias, Rogers, ApJ, 1998

CONSISTENT SOLAR EVOLUTION MODEL
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Surface Mass Fraction Composition of
GW Virginis Model
observed XHe=0.33, XC=0.50, XO0=0.17

XH = 0.02057 XP = 0.00004010
XHe = 0.43601 XS = 0.000051357
XC = 0.16904 XCl = 0.0000043391
XN = 0.000000000 XAr = 0.000010271
XO = 0.040694 XCa = 0.0000035543
XNe = 0.021265 XTi = 0.00000000000
XNa = 0.00018440 XCr = 0.0000013147
XMg = 0.0033876 XMn = 0.00000020743
XAl = 0.000016262 XFe = 0.000073255
XSi = 0.00014687 XNi = 0.000036881

> Los Alamos Los Alamos Astrophysics

NATIONAL LABORATORY

The World's Greatest Science Protecting America I WA =g
g NS



On the other hand, my responsibility to
society makes me want to stop right here.

“On the other hand, my responsibility to society makes me
want to stop right here.”
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OMD Simulations of dense plasmas

S. Mazevet

Atomic and Optical Theory group
Theoretical Division
Los Alamos National Laboratory

LAUR-05-1095
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Warm dense matter
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eApplications: stellar and planetary
modeling, geology, stockpile
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Warm dense matter experiments

2 stage